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3D TRACKING OF AN HDR SOURCE USING
A FLAT PANEL DETECTOR

CROSS REFERENCE TO RELATED
APPLICATION

The invention disclosed in the present application is based
on the invention disclosed in U.S. Provisional Patent Appli-
cation Ser. No. 61/479,434 filed Apr. 27, 2011. Benefit of the
filing date of U.S. Provisional Patent Application Ser. No.
61/479,434 of the commonly disclosed invention is claimed.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to a method and
apparatus for reconstructing the position of a high dose rate
(HDR) source in three-dimensional (3D) space in real-time
using a flat panel detector (FPD) and can be used to compare
the detected position with the path produced by the treat-
ment plan.

2. Background Description

Brachytherapy involves two distinct phases, a planning
phase and a treatment phase. The planning phase, which
produces a treatment plan, typically involves subjecting the
patient to CT scan, an MRI or ultrasound imaging in order
to determine the 3D coordinates of the locations within the
patient’s body where radiation therapy is to be applied. The
treatment phase requires placing the radiation emitting or
HDR source at those locations determined in the planning
phase according to the treatment plan.

During HDR treatments, the source follows a path
through catheters and applicators based on a plan produced
by the treatment planning phase. A number of Quality
Assurance (QA) procedures are put in place to safely deliver
a treatment as planned. Evaluating whether the treatment is
or has been delivered as planned is difficult because a typical
treatment plan is a list of source positions and time intervals.
The source position may be defined as distances from/the
end of the catheter along the catheter (i.e., along a trajec-
tory). In order to compare the applied treatment with the
planned treatment, the planned source positions and the
reconstructed source positions have to be expressed in the
same coordinate system. Thus, a correspondence between a
detection coordinate system and a planned coordinate sys-
tem has to be established. As known in the art, such a
conversion is generally an overlap of a 3D translation and a
3D rotation with a scale factor, if necessary. The problem of
establishing a correspondence between a detection coordi-
nate system and a plan coordinate system is even more
complex due to the manner in which the plan sets forth the
source positions (i.e., distances on a trajectory from an end
thereof). Conventionally, it was assumed that the plan was
delivered as intended, but no feedback was generated. That
is, no comparison of applied treatment with the planned
treatment was performed. Moreover, this must be done in
real time, to determine that the real HDR positions and the
dwell times correspond to the treatment plan. This might be
done using, for example, a fluroscope image of the catheter.
However, this procedure subjects the patient to a double
dose of radiation if the planning phase was conducted using
a CT scan, for example. The Nuclear Regulatory Commis-
sion (NRC) prohibits using two sources of radiation simul-
taneously (for instance an X-ray source for imaging and an
HDR source for treatment delivery).

SUMMARY OF THE INVENTION

It is an object to provide methods, apparatuses and a
computer readable medium configured and capable to enable
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2

a comparison between an intended treatment plan and an
actually delivered treatment, by reconstructing the radiation
source position based on projections of markers at known
locations on an image acquired using a two-dimensional
radiation detector. One or more of the independent claims
advantageously provides the possibility to make a real-time
comparison between the intended treatment plan and the
actually delivered treatment automatically, free of human
error.

According to an exemplary embodiment, there is a
method for comparing an intended treatment plan with a
delivered plain. The method includes arranging markers
(e.g. at least two markers) at three-dimensional (3D) posi-
tions (typically known positions, which are arranged accord-
ing to the delivery plan) in a detection reference system. The
markers are located between a radiation detector (e.g. a two
dimensional radiation detector) configured to acquire
images generated by radiation emitted by a radiation source
(e.g. at least one radiation source) and an area where the
radiation source is positioned during a treatment. The
method further includes determining positions of (e.g.
detecting) projections of the markers on an image detected
when the radiation source is at a treatment position in an
intended treatment plan reference system. The method fur-
ther includes calculating a plurality of lines, each line being
defined by a 3D position of a marker and a 3D position of
a corresponding projection of the marker on the detector
according to the image, in a detection reference system. The
method further includes inferring a 3D position of the
radiation source in the detection reference system, based on
the calculated lines. Further, if no correspondence between
the detection reference system and the intended treatment
plan reference system is available, the inferred 3D position
is matched with the treatment position to extract the corre-
spondence between the detection reference system and the
intended treatment plan reference system. If the correspon-
dence between the detection reference system and the
intended treatment plan reference system is available, the
inferred 3D position is compared with the treatment posi-
tion.

According to another exemplary embodiment, there is a
computer readable medium transitory storing executable
codes which when executed on a computer make the com-
puter perform a method for comparing an intended treatment
plan with a delivered plan. The method includes arranging
markers at known three-dimensional (3D) positions in a
detection reference system, the markers being located
between a two dimensional radiation detector configured to
acquire images generated by radiation emitted by a radiation
source and an area where the radiation source is positioned
during a treatment. The method further includes determining
positions of projections of the markers on an image detected
when the radiation source is at a treatment position in an
intended treatment plan reference system. The method fur-
ther includes calculating a plurality of lines, each line being
defined by a 3D position of a marker and a 3D position of
a corresponding projection of the marker on the detector
according to the image, in a detection reference system. The
method further includes inferring a 3D position of the
radiation source in the detection reference system, based on
the calculated lines. Further, if no correspondence between
the detection reference system and the intended treatment
plan reference system is available, the inferred 3D position
is matched with the treatment position to extract the corre-
spondence between the detection reference system and the
intended treatment plan reference system. If the correspon-
dence between the detection reference system and the
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intended treatment plan reference system is available, the
inferred 3D position is compared with the treatment posi-
tion.

According to another exemplary embodiment, there is an
apparatus for comparing an intended treatment plan using a
radiation source with a delivered plan. The apparatus
includes a two-dimensional radiation detector, a plurality of
markers and a data processing unit. The apparatus is con-
figured to acquire images generated by radiation emitted by
the radiation source at a planned 3D position of the radiation
source according to the intended treatment plan. The mark-
ers are arranged at known three-dimensional (3D) marker
positions, between the detector and the planned 3D position
of the radiation source according to the intended treatment
plan. The data processing unit is configured: (1) to determine
projections of the markers on an image detected when the
radiation source is located at a treatment position; (2) to
calculate a plurality of lines, each line being defined by a 3D
position of a marker and a 3D position of a corresponding
projection of the marker on the detector according to the
image; (3) to infer a 3D position of the radiation source
based on the calculated lines; and (4) to compare the inferred
3D position with the planned 3D position.

According to another embodiment, there is a method for
real-time method for three dimensional (3D) high dose rate
(HDR) source position detection and tracking and for com-
paring, in real-time, an intended treatment plan with a
delivered plan. The method according to this embodiment
begins with developing the intended treatment plan by
scanning a patient in a first 3D coordinate system. A flat
panel detector (FPD) having a matrix of markers with
precisely known locations on the FPD at variable heights is
placed over the patient. Projections of markers as images on
the FPD produced by the HDR source at multiple dwell
positions are detected. Images of the markers are processed
to obtain a calculated relative position of the HDR source in
a second 3D coordinate system at each of the multiple dwell
positions. Then, a transformation calculation is performed of
coordinates from the second 3D coordinate system to the
first 3D coordinate system. Detected positions of the HDR
source at each of the multiple dwell positions is compared
with corresponding-intended dwell positions according to
the intended treatment plan. The process is performed in
real-time to provide a direct correlation of delivered treat-
ment plan with the intended treatment plan.

The treatment position of the radiation source may be
inside or on a patient’s body. The radiation source may be a
high dose radiation (HDR) source having an activity, of few
Curies (e.g., 3 Ci). The time for acquiring a useable image
is inversely proportional with the activity of the source, e.g.,
the larger the activity of the source the shorter the time
necessary to acquire the image.

The projections of the markers are fuzzy mostly due to
radiation scatter between the source and the detector. The
positions of the projections are extracted from the image, for
example, using morphological segmentation. Here it should
be understood that the image is not a sharp image and thus
identifying the shapes of the projections and enhancing the
image by filtering noise are necessary to determine the
positions of the projections.

In order to infer the 3D position of the source, for each
pair of lines it is determined an estimated position of the
source. If the lines of a pair intersect, the estimated position
of the source is the point of intersection; but if the lines do
not intersect, a distance of closest approach is determined
and the coordinates of the inferred position are the middle
point of this distance. The inferred 3D position may be
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median or average of the estimated positions. Prior to
determining the inferred 3D position, outlier estimated posi-
tions may be eliminated or weighted such as to lower their
importance in the average.

The above-described embodiment of inferring the 3D
position is exemplary and it is not intended to be limiting.
One can foresee grouping three lines and finding a distance
from the detector at which an area of a triangle defined by
intersections of each of the lines with a plane parallel to the
detector is smallest; the estimated position of the source then
may be considered the center of this triangle coupled with
the distance.

The intended treatment plan is defined as sets of positions
along a trajectory and exposure times. Initially the corre-
spondence between the detection reference system (two-
dimensional (2D) detector and a distance from the detector)
and this intended treatment plan reference system is avail-
able. It is assumed that the first inferred 3D position corre-
sponds to the first position in the intended treatment plan, the
second inferred 3D position corresponds to the second
position in the intended treatment plan, and so forth. The
inferred positions are determined with a limited precision.
Upon combining (matching) enough of the inferred 3D
position with corresponding positions in the intended treat-
ment plan, a satisfactory conversion of the position in the
intended treatment plan into the detection reference system
may be achieved. Then following positions in the intended
treatment plan can be converted into the detection reference
system and compared directly with the inferred 3D posi-
tions.

During tests, the markers were arranged in a square grid
on the cover of the detector in a plane. However, this
geometry was convenient but it is not intended to be
limiting. For example, arranging the markers on a sphere or
parabolic surface may have focusing effects enhancing the
resolution of inferring the 3D position. Another regular or
irregular pattern of the markers may be employed and more
effective for different the treatment plans. Here it is empha-
sized evaluating quality of the treatment, that is, the devia-
tion of the position of the source from the planned position
should not exceed what is considered acceptable. Not all
coordinates have the same importance; the x-y position is
more important than the z position, which is more affected
by the patient’s breathing.

The acceptable position deviations cannot be less than the
uncertainties, but they may be more. The acceptable position
deviations may be the larger of the uncertainties and pre-
determined values.

The invention provides the potential to correct the applied
treatment when it departs too much from the intended
treatment. More specifically, an alarm may be a message or
any visual or otherwise indication urging the operator’s
attention. One may imagine protocols (software imple-
mented) in which the alarm would be triggered by repeated
and successive instances of the one or more differences
exceeding acceptable position deviations.

Prior to starting, the treatment, without the patient body
between the source and the detector and with the source at
a known fixed position, the known three-dimensional (3D)
positions may be confirmed and an origin of a reference
coordinate system may be established by acquiring and
analyzing a sharp image. The perpendicular wires may
define an origin of the horizontal coordinates and may
correspond to the known fixed position of the source.

The quality rules may be related to quality of the projec-
tion of the marker on the detector. If the projection is fuzzier,
there is more uncertainty to associating coordinates to the
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image. Further down in inferring the source position the
quality rules may be related to impact of a line if inferring
the 3D position. For example, if a distance from one line to
all the other lines is larger than a predetermined threshold,
this one line should be removed from the subset-used to infer
the 3D position.

Identifying the marker projections on the image means
associating a projection to a marker. The projections are
fuzzy and there may be a lot of background noise. Some
projections may overlap or otherwise become un-useable,
being “eliminated” from the further processing; i.e., an
embodiment of projection quality rules. The position esti-
mation rules may be to use center of the marker projections
or “lightest spot” of the projection.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages
will be better understood from the following detailed
description of a preferred embodiment of the invention with
reference to the drawings, in which:

FIG. 1 is a block diagram illustrating the arrangement of
the system using a flat panel detector to track an HDR source
in a patient;

FIG. 2 is a schematic representation of the construction of
the flat panel detector (FPD) according to one aspect of the
invention;

FIG. 3 is a schematic illustration of two non-intersecting
projection lines showing the determination of the shortest
distance D between the lines;

FIG. 4 is a grey scale image, averaged and cropped,
acquired using an HDR source and the flat panel detector
(FPD);

FIG. 5 is a flow diagram summarizing the method accord-
ing to the invention;

FIG. 6 is a flow diagram illustrating the logic of the image
processing algorithm implemented according to the inven-
tion;

FIG. 7 is a flow diagram illustrating the logic of the
marker map process implemented according to the inven-
tion;

FIG. 8 is a flow diagram illustrating the logic of the
calibration algorithm implemented according to the inven-
tion;

FIG. 9 is a diagram which explains the calculation of H
in the process implemented by the calibration algorithm of
FIG. 8,

FIG. 10 is a flow diagram illustrating the logic of the
reconstruction model process implemented according to the
invention; and

FIG. 11 is a flow diagram illustrating the logic of the
rotation translation algorithm implemented according to the
invention.

DETAILED DESCRIPTION OF THE
INVENTION

The following description of the exemplary embodiments
refers to the accompanying drawings. The following
embodiments are discussed, for simplicity, with regard to the
terminology and structure of a brachytherapy treatment
methodology. Reference throughout the specification to
“one embodiment” or “an embodiment” means that a par-
ticular feature, structure, or characteristic described in con-
nection with an embodiment is included in at least one
embodiment of the present invention. Thus, the appearance
of the phrases “in one embodiment™ or “in an embodiment”
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6

in various places throughout the specification is not neces-
sarily all referring to the same embodiment. Further, the
particular features, structures or characteristics may be com-
bined in any suitable manner in one or more embodiments.

In the conventional X-ray, the patient’s body is the
unknown and the source is known. In the present invention,
the source position is unknown and the markers’ positions
and sizes are known. The radiation from the HDR source is
detected by a flat panel detector (FPD). A matrix of markers
(in the form of 4 mm ball bearings) with precisely known
locations is placed between the source and the FPD at
variable heights. Using segmentation and noise reduction
algorithms, the location of the radiation source can be
determined with sub-millimeter precision based on the
image of the markers on the FPD.

Segmentation and noise reduction algorithms are applied
to the image. The segmentation algorithm automatically
segments and labels the markers’ images. In addition, a
mathematical solution for “near-intersection” of two 3D
lines was implemented and used to determine the “true” 3D
source position. Software is used to match or compare the
reconstructed source position with the actual treatment plan.
A radiation therapy procedure is typically delivered after
lumpectomy as part of the breast conservation solution.
There might be as many as 20-30 catheters with as many as
200-300 positions with short dwell times. Correspondence
between the planning coordinate system and the treatment
coordinate system, can be determined after the detection of
between four and ten positions of the HDR source.

Referring now to the drawings, FIG. 1 illustrates a block
diagram of the system using a flat panel detector to track a
radioactive source in a patient as explained above. More
specifically, a patient 10 is lying on a treatment couch 11. A
catheter 12 is connected to an afterloader 13. Although a
single catheter is represented in the drawing figure, there
might be as many as 20 catheters with as many as 200-300
dwell positions within the patient 10. The radioactive source
14, which may be a high dose radioactive (HDR) source, is
positioned accurately in a remote afterloader 13 and travels
through the catheter into or on the patient. Positioned above
the patient in this illustration is a flat panel detector (FPD)
15, and superposed between the FPD 15 and the patient 10
is a marker panel 16, described in more detail with reference
to FIG. 2. The location illustrated in FIG. 1 is exemplary and
not intended to be limiting. The FPD 15 can be located
anywhere else relative to the patient 10 such that to mini-
mize the attenuation and scattering of me radiation traveling
from the HDR source 14 to the FPD 15.

The output of the FPD 15 is supplied to a computer 17
having a user interface (UI) 18 and output 19. The UI 18
may take the form of a keyboard, a pointing device, such as
a mouse or trackball, and media reader, either magnetic or
optical. The output 19 may take the form of a display, printer
and media writer. The computer 17 is typically a desk top
computer having a multi-core processor and sufficient ran-
dom access memory (RAM) and magnetic disk storage to
perform the image-processing and real time calculations
required to perform the processes described. Software
implementing the invention may be stored onto non-transi-
tory computer readable media, such a magnetic or optical
storage media, and loaded onto the memory 20 of the
computer 17.

Referring now to FIG. 2, there is shown schematic
representation of the flat panel detector (FPD) 15 in com-
bination with the marker panel 16 according to an embodi-
ment of the invention. The FPD 15 and marker panel 16
form two planes, a detector plane panel 20 and a parallel
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marker plane panel 22. The marker plane panel 22 may be
made of plastic and machined to provide a precision matrix
of holes to receive markers spaced 2 cm apart, with the
center of the matrix coinciding with the center of the EPID.
In this exemplary embodiment, ball bearings of 4 mm in
diameter are used as markers. The matrix of markers makes
up the marker plane 22 (P, and P,), while the projection of
these markers makes up the detector plane 20 (P, and P,).
Images acquired using an x-ray source are used to calibrate
the system, to get the height between the detector plane 20
and the marker plane 22 and to get the coordinates of the
markers (P, and P,) in 3D space with reference to the center
of the detector as the origin of the coordinate system, while
the HDR source is used for treatment. The marker positions
are always fixed. For every position of the HDR source, each
marker will have a unique projection. The point of intersec-
tion of two lines defined by a marker and its projection gives
the position of the HDR source. Markers produce projec-
tions on the detector plane 10. Coordinates of the markers
and of the projections are calculated. Lines are defined in 3D
space for each marker-projection pair.

Tracking of the HDR source at point S at one of a plurality
of dwell positions according to the treatment phase is
illustrated in FIG. 2. P, and P, represent two markers placed
at known positions on the marker plane 22. The system of
axes is chosen such that the center of the detector acts as the
origin, the x-axis and the y-axis run through the center of the
detector and the z-axis is perpendicular to the plane of the
detector. For purposes of explanation, it is assumed that
point S is one of the dwell positions where the HDR source
will be active for a certain amount of time, i.e., the dwell
time. When the HDR source reaches point S and is active,
it will produce projections of the markers on the detector.
Thus, marker P, will produce projection P; on the detector
plane 20 while marker P, will produce projection P, on the
detector plane 20. Once the coordinates of the markers and
their projections with respect to the origin are known in 3D
space, a line which passes through the marker and its
projection can be defined. Line p is defined by the combi-
nation of marker P, and its projection P; while line q is
defined by the combination of marker P, and its projection
P,. The intersection of these two imaginary lines p and q in
3D space will give the position of the HDR source at point
S. The same procedure is repeated to track all other dwell
positions of the HDR source.

It is not necessary for two non-parallel lines to intersect in
space. Most non-parallel lines do not have any points in
common. They go over and under one another without
touching. Thus, to plot the true intersection of the line p and
the line q in space is very unlikely. Instead, the shortest
distance between the two lines is computed as an alternative
to a “real” intersection. When two lines in 3D space do hot
intersect, they can be connected by a line segment. The
shortest such line segment is unique and is considered to be
the “true” intersection of the two lines in 3D space. The
shortest distance between line p and the line q is represented
by D, as illustrated in FIG. 3 where P and Q represent the
corresponding two points contained on the lines p and q,
respectively, that define the line D. The mean of the coor-
dinates of points P and Q gives an estimate of the 3D
coordinates of the source position best for this situation.

While the schematic representation of FIG. 2 represents
only two markers, it will be understood that a well defined
matrix of markers is used. A single, pair of markers and their
projections yield an estimation of the source position. The
above procedure is repeated for all possible combinations of
marker/projection pairs. N markers would produce
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N*(N-1)/2 combinations of marker/projection pairs, each
pair producing an estimate position. The average over all
estimated positions gives the most accurate position recon-
struction of the source at any point in time.

An image data set is acquired and stored by the computer
17, shown in FIG. 1. In an exemplary embodiment, at least
one image, and generally multiple images for each dwell
position are acquired and stored. Image averaging is per-
formed and a blank image (containing only noise) is sub-
tracted for noise reduction. The idea of averaging is Signal
to Noise Ratio (SNR) improvement. Without being bound
by theory, it is believed that if a weak signal is acquired in
the presence of noise, the signal is coherent but the noise is
not. Thus, when multiple measurements are added together,
multiple coherent signals will “stack up” while the noise will
cancel out, resulting in a detectable signal unencumbered by
noise. In other words, the concept of image averaging is that
when the five images are added together, the random fluc-
tuations of the noise above and below the projections of the
markers will gradually cancel each other out, thus increasing
the signal to noise ratio (S/N) of the image by removing
major components of noise. Those of skill in the art will
recognize that the number of images acquired is a compro-
mise between the desire to increase the SNR and the time
needed to acquire multiple images. While one would choose
a very large number of images to be averaged in order to
improve marker projection detection, one also has to mini-
mize the total acquisition time, taking into account the
relevant time resolution of the process that is being moni-
tored. Averaging over, for example, from at least about two
to about 10, or from about 5 to about 10 (or more), images
helps to reduce the noise in the image. The projection of the
markers holds a value (pixel intensity) that depends on the
location and strength of the source, but which is fixed across
the multiple images that are acquired. Noise is assumed to
be truly random. Even after image averaging, unwanted
noise may be observed along the borders of the image. This
noise is removed by simply cropping twenty five pixels off
each border of the image. FIG. 4 is a grey scale image after
being averaged and cropped for one of the dwell positions.

Morphological image processing of the marker image
data involves isolating and segmenting the markers, sorting
the projections of the makers in accordance with the relative
position of the markers obtained from the calibration image.
The shape and size of the markers that have to be isolated
from the image are known before hand. For this reason,
morphological image processing is performed to isolate the
projection of the markers and obtain the coordinates of the
centroid. The “imbothat” command from the Matlab image
processing toolbox is used to perform morphological bot-
tom-hat filtering on the grey scale image. The Morphologi-
calBottomHat object performs bottom-hat filtering on an
intensity or binary image. Bottom-hat filtering is the equiva-
lent of subtracting the input image from the result of
performing a morphological closing operation on the input
image. The bottom-hat filtering object uses flat structuring
elements only.

Abottom-hat filter enhances black or dark spots in a white
background. It subtracts the morphological closing of the
image from the image (see below for a description of
closing).

Closing: Performs a dilation followed by an erosion. The
effect is to fill holes and join nearby objects.

Erosion: For binary, replaces any 1 pixel by 0 if any of its
neighbors is 0. For grayscale, each pixel is replaced by the
minimum of its neighbors and itself.
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Dilation: For binary, replaces any O pixel by 1 if any of its
neighbors is 1. For grayscale, each pixel is replaced by the
maximum of its neighbors and itself.

The bottom-hat filter requires a structuring element which
would define the shape of the markers. The markers are
substantially circular structures, so the first step is to define
a structuring element of the type “disk” This is done by
using the “strel” function. The filtered image is then stored.
An example of the “imbothat” and “strel” functions is
explained as follows:

se=strel(‘disk’,25);

I1=imbothat(Z,se);

The above code creates a flat, disk-shaped structuring ele-
ment “se” with a radius of 25 pixels. The bottom-hat
function is performed on the cropped image I using “se” and
stores it in I1. Other than the bottom-hat filter, two more
filters are used in order to reduce noise. First, a wiener?2 filter
is used. Wiener2 is a 2D pixel-wise adaptive Wiener filtering
method which acts as a lowpass filter to improve a degraded
grey scale image by removing noise. It is based on statistics
estimated from a local neighborhood of each pixel. Next, a
medfit2 filter is used. Medfit2 is a 2D nonlinear median
filtering method which is used to reduce “salt and pepper”
noise. The code for the two filters is as follows:

[12,noise]=wiener2({1,[15 15]);

B=medfilt2(12,[8]);

A 15x15 pixel size neighborhood is used to estimate the
local image mean and standard deviation to perform the
wiener2 filtration method on the image 11 and the filtered
image is stored in 12. A 8x8 pixel size neighborhood is used
around each pixel in 12 to perform the median filtration
method and the filtered images are stored in 3.

Next, the markers are isolated. The grey scale image is
converted into a binary image such that only the markers
take the value 1 while the rest of the image is 0. This is done
by applying a threshold to the image.

IA=I3>means2(I2)+2.5*std2(13);

The mean value plus 2.5 times the standard deviation value
is used as the threshold applied to image 13 and the binary
image is stored in I4. From the binary image 14 the markers
can be isolated, labeled and the centroid for each marker can
be calculated using the following code:

[15,NUM]=bwlabeln(74);

STATS=regionprops(f5,‘Centroid’,* Area’);

The “bwlabeln” function labels the markers in image 14 and
saves it in I5. The “regionprops” function measures the
centroid and area of the labeled markers in image 15 and
stores it in the array STATS. The x-y pixel coordinates of the
centroids can be accessed using the Comma-Separated List
Syntax explained as follows:

STATS.Centroid

The Centroid acts as a substitute for the coordinates of the
markers and is represented by the pixel number. In order to
obtain the coordinates with respect to the system of chosen
axes, the x and y coordinates of the pixel number of the
centroids have to be subtracted by the center of the detector.
The coordinates are converted into centimeters by multiply-
ing the pixel number with the pixel size or the resolution of
the flat panel detector.
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When the labeling of the segmented image is performed,
the markers get labeled in any random order. Thus, the
labeled markers need to be rearranged such that the same
order for the markers on the calibration image and the
projection of the markers on the image acquired by the HDR
source have the same order. This is done by using the “sort”
command in Matlab. The sorted coordinates of the projec-
tions are stored in a variable called “img” while the sorted
coordinates of the markers are stored in a variable called
“cal”. The following is the code used to sort the marker
image.

N = length(STATS);
fori=1m

areas(i) = STATS(i),Area;
xx(1) = STATS(i).Centroid(1);
yy(i) = STATS(i).Centroid(2);
xx1(1) = 0.0388*(xx(i)-487);
yyl(i) = 0.0388*(359-yy(i));.

end:
[cent_y,IM_y] = sort(yy);n-1;img=[ ];
for i= 1:5

IMG1 = IM__y(n:n+7);
IMG2 = sort(IMG1);
img = [img IMG2]

n = n+8;

end

where 0.0388 is the resolution of the detector, (487,359) is
the center of the cropped image.

FIG. 5 is a flow diagram summarizing a method according
to and embodiment of this application. The first step 510 is
to arrange markers at known 3D locations. Next, at 520, the
projections of markers on a detected image is determined
when a radiation source is located at a treatment position.
Then at 530, a plurality of lines are calculated, each line
being defined by a 3D position of a marker and a 3D position
of a corresponding projection of the marker on the detector
according to the image. From the calculated lines, a 3D
position of the radiation is inferred at 540. A determination
is made at 550 as to whether there is available correspon-
dence between reference systems. If no correspondence
between the detection reference system and the intended
treatment plan reference system is available, the inferred 3D
position is matched with the treatment position to extract the
correspondence between the detection reference system and
the intended treatment plan reference system at 560. If the
correspondence between the detection reference system and
the an intended treatment plan reference system is available,
the inferred 3D position is compared with the treatment
position at 570. The intended treatment plan is defined as
sets of positions along a trajectory and exposure times.
Initially the correspondence between the detection reference
system (2D detector and a distance from the detector) and
this intended treatment plan reference system is not avail-
able. It is assumed that the first inferred 3D position corre-
sponds to the first position in the intended treatment plan, the
second inferred 3D position corresponds to the second
position in the intended treatment plan, etc. The inferred
positions are determined with a limited precision. Upon
combining (matching) enough of the inferred 3D position
with corresponding positions in the intended treatment plan
a satisfactory conversion of the position in the intended
treatment plan into the detection reference system may be
achieved. Then following positions in the intended treatment
plan can be converted into the detection reference system
and compared directly with the inferred 3D positions.
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The flat panel detector produced by Varian (Varian Flat
Panel Detector: PaxScan 4030CB) is an example of useable
detector but it is not intended to be limiting. The treatment
position of the radiation source may be inside or on a
patient’s body. The radiation source may be a high dose
source having an activity of few Curies (e.g., 3 Ci). The time
for acquiring a useable image is inversely proportional with
the activity of the source—the larger the activity of the
source the shorter the time necessary to acquire the image.
Hence, larger activity sources may be advantageous since
longer exposure times can create more noise.

The projections on the images are fuzzy mostly due to
radiation scatter between the source and the detector. The
positions of the projections are extracted from the image, for
example, using morphological segmentation. Here it should
be understood that the image is not a sharp image and thus
identifying the shapes of the projections and enhancing the
image by filtering noise are necessary to determine the
positions of the projections.

In order to infer the 3D position, for each pair of lines it
is determined an estimated position of the source. If the lines
of a pair intersect, the estimated position of the source is the
point of intersection; if the lines do not intersect, a distance
of closest approach is determined and the coordinates of the
inferred position are the middle point of this distance. The
inferred 3D position may be median or average of the
estimated positions. Prior to determining the inferred 3D
position, outlier estimated positions may be eliminated or
weighted such as to lower their importance in the average.

The above-described embodiment of inferring the 3D
position is exemplary and it is not intended to be limiting.
One can foresee grouping three lines and finding a distance
from the detector at which an area of a triangle defined by
intersections of each of the lines with a plane parallel to the
detector is smallest; the estimated position of the source then
may be considered the center of this triangle coupled with
the distance.

The method of in FIG. 5 is described for one position. In
fact the determining, the calculating, the matching or com-
paring are repeated for a predetermined number of points in
the treatment plan, or until a predetermined precision of
matching the inferred 3D position with the treatment posi-
tion is achieved. Then the correspondence between the
detection reference system and the intended treatment plan
reference system becomes available for performing the
comparing. The intended treatment plan is defined as sets of
positions along a trajectory and exposure times. Initially the
correspondence between the detection reference system
(2-D detector and a distance from the detector) and this
intended treatment plan reference system is available. It is
assumed that the first inferred 3D position corresponds to the
first position in the intended treatment plan, the second
inferred 3D position corresponds to the second position in
the intended treatment plan, etc. The inferred source posi-
tions are determined with a limited precision. Upon com-
bining (matching) enough of the inferred 3D position with
corresponding positions in the intended treatment plan a
satisfactory conversion of the position in the intended treat-
ment plan into the detection reference system may be
achieved. Then following positions in the intended treatment
plan can be converted into the detection reference system
and compared directly with the inferred 3D positions.

In the embodiment illustrated in FIG. 1, the known 3D
positions of the markers are substantially in a plane which is
substantially parallel to the detector. However, neither being
in a plane nor being parallel to the detector are necessary,
limiting conditions. In some embodiments, the markers may
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be arranged in a grid having substantially equal distances
there-between, but regularity of the arrangement is not a
requirement either. During tests the markers were arranged
in a square grid on the cover of the detector in a plane.
However, this geometry was convenient but it is not
intended to be limiting. For example, arranging the markers
on a sphere or parabolic surface may have focusing effects
enhancing the resolution of inferring the 3D position.
Another regular or irregular pattern of the markers may be
employed and more effective for different the treatment
plans.

The markers may be substantially spherical and are made
of a radiation absorbing material. For example, the radiation
absorbing material may be (but it is not limited to) stainless
steel or lead.

Comparing the inferred 3D position of the source with the
treatment position may includes comparing one or more
differences between corresponding coordinates of the
inferred 3D position and coordinates of the planned 3D
position with one or more acceptable position deviations.
Here it is emphasized evaluating quality of the treatment—
that is the deviation of the position of the source from the
planned position should not exceed what is considered
acceptable. Not all coordinates have the same importance;
the x-y position is more important than the z position, which
is more affected for example by the patient’s breathing.

The one or more acceptable position deviations may have
predetermined values or may be defined relative to the one
or more uncertainties. The one or more uncertainties of one
or more coordinates of the inferred 3D position may also be
estimated. The acceptable position deviations cannot be less
than the uncertainties (for example, if the uncertainty in
determining accurately 3D positions during the treatment is
0.5 mm, then only a distance greater than 0.5 mm can be
considered a ‘deviation’), but they may be more. The
acceptable position deviations is generally the larger of the
uncertainties and predetermined values. In some embodi-
ments, deviations greater than 2 mm are of concern. How-
ever, generally, but generally deviations of from about 1-1.5
mm are indicative of the need for an alert, with a stronger
warning occurring at 2 mm, and, optionally, an automatic
stop of the treatment delivery for distances for deviations of
>2.5-3 mm. Those of skill in the art will recognize that such
thresholds are dependent on anatomical sites. For example,
applicators (e.g. catheters) placed in the breast will likely
move due to normal breathing, in which case a threshold of
e.g. 5 mm may be appropriate, whereas for catheters placed
in or at a more stationary position (e.g. prostate), smaller
deviation thresholds may be suitable.

When the one or more differences exceed the one or more
acceptable position deviations, an alarm may be generated.
Thus, applying this method provides the potential to correct
the applied treatment when it departs too much from the
intended treatment. The alarm may be a message or any
visual or otherwise indication urging the operator’s atten-
tion. One may imagine protocols (software implemented) in
which the alarm would be triggered by repeated and suc-
cessive instances of the one of more differences exceeding
acceptable position deviations.

In some embodiments, a calibration procedure using
substantially perpendicular wires arranged on a plane and
placed between the radiation source and the detector may be
employed. Prior to starting the treatment, without the patient
body between the source and the detector and with the
source at a known fixed position, the known three-dimen-
sional 3D positions may be confirmed and an origin of a
reference coordinate system may be established by acquiring
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and analyzing a sharp image. The perpendicular wires may
define an origin of the horizontal coordinates and may
correspond to the known fixed position of the source.

In some embodiments, a subset of lines is selected based
on one or more predetermined quality rules. The quality
rules may be related to quality of the projection of the
marker on the detector. If the projection is fuzzier, there is
more uncertainty to associating coordinates to the image.
Further down in inferring the source position the quality
rules may be related to impact of a line if inferring the 3D
position. For example, if a distance from one line to all the
other lines is larger than a predetermined threshold, this one
line should be removed from the subset used to infer the 3D
position.

The step 530 in FIG. 5 may includes identitying marker
projections on die image, estimating 3D positions of the
marker projections based on position estimation rules,
selecting a subset of projections among the marker projec-
tions on the image based on projection quality rules. Iden-
tifying the marker projections on the image means associ-
ating a projection to a marker. The projections are fuzzy and
there may be a lot of background noise. Some projections
may overlap or otherwise become un-useable, being “elimi-
nated” from the further processing—i.e., an embodiment of
projection quality rules. The position estimation rules may
be to use center of the marker projections or “lightest spot”
of the projection.

The computer 17 includes a memory 20 that non-transi-
tory stores executable codes which when executed on a
computer make the computer perform the method in FIG. 5§
or other similar embodiments described above.

Another embodiment is an apparatus for comparing an
intended treatment plan using a radiation source with a
delivered plan as illustrated in FIG. 1. The apparatus
includes a two dimensional radiation detector (e.g., 15 in
FIG. 1) configured to acquire images generated by radiation
emitted by the radiation source and a planned 3D position of
the radiation source according to the intended treatment
plan. The apparatus further includes a plurality of markers
(e.g., 16) arranged at known three-dimensional (3D) marker
positions between the detector and a planned 3D position of
the radiation source according to the intended treatment
plan. The apparatus also includes a data processing unit
configured (1) to determine projections of the markers on an
image detected when the radiation source is located at a
treatment position; (2) to calculate a plurality of lines, each
line being defined by a 3D position of a marker and a 3D
position of a corresponding projection of the marker on the
detector according to the image; (3) to infer a 3D position of
the radiation source based on the calculated lines; and (4) to
compare the inferred 3D position with the planned 3D
position.

The specific algorithms implemented according to the
invention will now be described. Referring first to FIG. 6,
there is shown a flow diagram of the image processing
algorithm. The first step at function block 610 is to read the
image; that is, the image acquired by the FPD 15 is read by
the computer 17 in FIG. 1. Next, in function block 611, the
image is cropped to remove noise around the edges and
retain all pixels of the markers. In function block 612,
morphological image processing is performed using a “disk”
as a structuring element. Then, in function block 613, noise
reduction filters are used to further reduce the noise in the
image. A threshold is established in function block 614 as
the mean of pixel values plus the standard deviation. The
threshold established in function block 614 is applied in
function block 615 to convert the image to a binary image
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and isolate the markers. Using this binary image, the mark-
ers are sorted and labeled in function block 616 such that the
markers follow a known pattern. Then in function block 617,
the center of the circular marker is used as x-y coordinates.
Finally, in function block 618, a multiplication process is
performed with the resolution of the FPD 15 to get the x-y
coordinates in centimeters (cm).

FIG. 7 is the flow diagram illustrating the logic of the
marker map process implemented according to the inven-
tion. The first step in this process at function block 710 is to
read the image acquired for creating the marker map. This is
done by placing the marker plane on top of the detector and
acquiring an x-ray image on the FPD. After image process-
ing shown in FIG. 6, a return is made to function block 720,
where the distance is calculated with respect to a central
marker using distance formulae. The process ends at func-
tion block 730 by storing the calculated distances in a
variable.

The calibration algorithm is illustrated in the flow dia-
gram of FIG. 8. The calibration of the panel simply means
establishing, prior to patient use, the reconstruction geom-
etry. This is essentially composed of (1) the relative position
of the markers in the matrix and (2) the relative position of
the panel containing the markers of the panel detector. The
first step in function block 810 is read the calibration image.
After image processing shown in FIG. 6, a return is made to
function block 811, where for purposes of the following
iteration, the count “n” is set to 1. Then, in decision block
812, a determination is made as to whether n is less than or
equal to the number of markers. Initially, the decision is
resolved in the affirmative so that the process next goes to
function block 813 where the distance between markers is
calculated with respect to the central marker and stored in
the a variable “cali”. Next, in function block 814, the height
H is calculated as the distance between the source and the
detector times the difference of the variable cali and the
marker divided by the variable cali.

FIG. 9 is a diagram that explains the calculation of H. In
FIG. 9, M, is the central marker and M, is one of the markers
along the central axis; P, and P, their respective projections;
X, distance between projections (calculated by software
using the calibration image) and X, distance between mark-
ers on the panel (calculated manually from the panel); and
H was calculated using the formula below:

H=(Distance between source and detector)* (X, -X5)/
Xy

Returning to FIG. 8, after the calculation of H for each
marker, the count “n” is advanced by 1 in function block 815
before the process returns to decision block 812. At such
time as the count “n” exceeds the number of markers,
indicating that H has been calculated for all the markers, the
process next goes to function block 816 where the calculated
value H is established as the z-coordinate for each of the
markers. Finally, in function block 817. The x-y coordinate
is calculated for each marker using a line equation with
respect to the origin.

FIG. 10 is the flow diagram illustrating the logic of the
reconstruction algorithm implemented by the invention. In
the first step at function block 1001, the x,y,z coordinates for
the markers are calculated based on the calibration algorithm
of FIG. 8. Then in function block 1002, five images are read.
These five images are acquired using the HDR source as the
imaging source for a given dwell position. Then the average
of the five images is calculated. After image processing
shown in FIG. 6, a return is made to function block 1003
where the x,y,z coordinates are calculated for the projection
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markers. In function block 1004, marker pairs are selected
from the matrix such that the distance between them is
greater than 4 cm but less than 12 cm. At the beginning of
the iteration loop, a count “i” is set to 1 in function block
1005. Then, in decision block 1006, a determination is made
as to whether the count “i” is less or equal to the number of
such marker pairs. Initially, this will be answered in the
affirmative, so the process goes to function block 1007
where two lines are defined using the x,y,z coordinates of the
markers and the irrespective projections. Next, in function
block 1008, the shortest distance formula is used to get the
3D coordinates of the two points representing the shortest
distance. The mean of the 3D coordinates of the two points
is set equal to the 3D coordinate of the point of intersection
(P) in function block 1009. The count “i” is incremented by
one before the process returns to decision block 1006. Once
all the marker pairs have been processed, the process goes
to function block 1010 where the man of all Ps=x,y,z
coordinates of the reconstructed dwell position is calculated.

The rotation translation algorithm implemented by the
invention is illustrated in the flow diagram of FIG. 11. The
process begins at function block 1101 where the [ XYZ1=3D
coordinates of the planned dwell position as acquired from
the treatment plan is read. Then, in function block 1102, the
[xyz1]=3D coordinates of the reconstructed dwell position
as acquired from the reconstruction model is read. Using a
rotation/translation algorithm in function block 1103,
[XYZ1] is translated to be equal to [xyzl] times a rotation
value R. R is calculated in function block 1104 using the
coordinates of the first four planned and reconstructed dwell
positions. Then in function block 1105, R is multiplied with
the remaining reconstructed dwell positions. Finally, the
reconstructed dwell positions are compared in function
block 1106 with the planned dwell positions by calculating
the distance between planned dwell positions and the new
reconstructed dwell positions after rotation and translation.

The foregoing algorithms were implemented in Matlab
code; however, those skilled in the art will recognize that
other and different programming languages can be used to
write code that implements the necessary algorithms.

The disclosed exemplary embodiments provide methods
and apparatuses for reconstructing the position of a radiation
source during treatment using a two-dimensional flat detec-
tor. It should be understood that this description is not
intended to limit the invention. On the contrary, the exem-
plary embodiments are intended to cover alternatives, modi-
fications and equivalents, which are included in the spirit
and scope of the invention as defined by the appended
claims. Further, in the detailed description of the exemplary
embodiments, numerous specific details are set forth in
order to provide a comprehensive understanding of the
claimed invention. However, one skilled in the art would
understand that various embodiments may be practiced
without such specific details.

Although the features and elements of the present exem-
plary embodiments are described in the embodiments in
particular combinations, each feature or element can be used
alone without the other features and elements of the embodi-
ments or in various combinations with or without other
features and elements disclosed herein.

This written description uses examples of the subject
matter disclosed to enable any person skilled in the art to
practice the same, including making and using any devices
or system(s), and performing any incorporated methods.
While the invention has been described in terms of its
preferred embodiments, those skilled in the are will recog-
nize that the invention can be practiced with modification

10

15

20

25

30

35

40

45

50

55

60

65

16

within the spirit and scope of the appended claims. Accord-
ingly, the present invention should not be limited to the
embodiments as described above, but should further include
all modifications and equivalents thereof within the spirit
and scope of the description provided herein.

What is claimed is:

1. A method for treating a patient with a brachytherapy
treatment according to an intended treatment plan, using a
radiation source suitable for brachytherapy, comprising the
steps of:

arranging markers at known three-dimensional (3D) posi-

tions in a detection reference system between a two
dimensional radiation detector configured to acquire
images generated by radiation emitted by said radiation
source and an area where said radiation source is
positioned inside a patient during said brachytherapy
treatment;

determining positions of projections of at least one marker

on an image when said radiation source is at a treatment
position in an intended treatment plan reference sys-
tem;

calculating a plurality of calculated lines in the detection

reference system, each line being defined by a 3D
position of a marker and a 3D position of a correspond-
ing projection of the marker on the detector according
to the image;

inferring during said brachytherapy treatment a 3D posi-

tion of said radiation source in the detection reference
system based on selected pairs of lines among said
plurality of calculated lines, using midpoints of shortest
segment between lines in said selected pairs; and

if no correspondence between the detection reference

system and the intended treatment plan reference sys-
tem is available, matching inferred 3D position with the
treatment position to extract the correspondence
between the detection reference system and the
intended treatment plan reference system; and

if the correspondence between the detection reference

system and the intended treatment plan reference sys-
tem is available, comparing the inferred 3D position
with the treatment position.

2. The method of claim 1, wherein the steps of determin-
ing, calculating, inferring and comparing are repeated for a
predetermined number of points in the treatment plan, or
until a predetermined precision of matching the inferred 3D
position with the treatment position is achieved, before
making the correspondence between the detection reference
system and the intended treatment plan reference system
available for performing the step of comparing.

3. The method of claim 1, wherein known 3D positions of
the markers are substantially in a plane.

4. The method of claim 3, wherein the plane is substan-
tially parallel to a detector which detects an image of
projections of the markers.

5. The method of claim 4, wherein the markers are
arranged in a grid having substantially equal distances there
between.

6. The method of claim 1, wherein the markers are
substantially spherical.

7. The method of claim 1, wherein the markers are made
of a radiation absorbing material.

8. The method of claim 1, wherein the step of comparing
includes comparing one or more differences between corre-
sponding coordinates of inferred 3D position and coordi-
nates of a planned 3D position with one or more acceptable
position deviations.
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9. The method of claim 8, wherein the one or more
acceptable position deviations have predetermined values.

10. The method of claim 8, further comprising the step of
estimating one or more uncertainties of one or more coor-
dinates of inferred 3D position, the one or more acceptable
position deviations being defined relative to the one or more
uncertainties.

11. The method of claim 8, further comprising the step of
generating an alarm when the one or more differences
exceed the one or more acceptable position deviations.

12. The method of claim 1, further comprising the step of
performing a calibration procedure using substantially per-
pendicular wires arranged on a plane and placed between
said radiation source and the detector.

13. The method of claim 1, wherein the step of inferring
includes selecting a subset of lines based on one or more
predetermined quality rules.

14. The method of claim 1, wherein the step of calculating
includes at least one of:

identifying marker projections on the image;

estimating 3D positions of the marker projections based

on position estimation rules; and

selecting a subset of projections among the marker pro-

jections on the image based on projection quality rules.
15. A computer readable non-transitory medium storing
executable codes which when executed on a computer make
the computer perform a method for comparing an intended
brachytherapy treatment plan using a radiation source suit-
able for brachytherapy with a delivered brachytherapy treat-
ment, the method comprising the steps of:
receiving three-dimensional (3D) marker positions of
markers positions in a detection reference system, the
markers being located between a two dimensional
radiation detector configured to acquire images gener-
ated by radiation emitted by said radiation source and
an area where said radiation source is positioned during
a brachytherapy treatment;

determining projections of the markers on an image
detected when said radiation source is at a treatment
position in an intended brachytherapy treatment plan
reference system;
calculating a plurality of lines in said detection reference
system, each line being defined by a 3D position of a
marker and a 3D position of a corresponding projection
of the marker on the detector according to the image;

inferring a 3D position of said radiation source in the
detection reference system based on selected pairs of
lines among said plurality of calculated lines, using
midpoints of shortest segment between lines in said
selected pairs; and

if no correspondence between said detection reference

system and said intended brachytherapy treatment plan
reference system is available, matching an inferred 3D
position with said treatment position to extract the
correspondence between said detection reference sys-
tem and said intended brachytherapy treatment plan
reference system, and

if the correspondence between said detection reference

system and said intended brachytherapy treatment plan
reference system is available, comparing said inferred
3D position with said treatment position.
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16. An apparatus to compare an intended brachytherapy
treatment plan using a radiation source suitable for brachy-
therapy with a delivered brachytherapy treatment, the appa-
ratus comprising:
atwo dimensional radiation detector configured to acquire
images generated by radiation emitted by said radiation
source and a planned three-dimensional (3D) position
of said radiation source according to said intended
brachytherapy treatment plan;
a plurality of markers arranged at known 3D marker
positions between the two dimensional radiation detec-
tor and a planned 3D position of said radiation source
according to said intended brachytherapy treatment
plan; and
a data processing unit configured
to determine projections of the markers on an image
detected when said radiation source is located at a
treatment position,

to calculate a plurality of lines, each line being defined
by a 3D position of a marker and a 3D position of a
corresponding projection of the marker on the two
dimensional radiation detector according to the
image,

to infer a 3D position of said radiation source based on
selected pairs of lines among said plurality of cal-
culated lines, using midpoints of shortest segment
between lines in said selected pairs, and

to compare inferred 3D position with a planned 3D
position.

17. A method for real-time three dimensional (3D) high
dose rate source position detection and tracking, directing
and comparing, in real-time, an intended brachytherapy
treatment plan with delivery of a brachytherapy treatment,
comprising the steps of:

developing said intended brachytherapy treatment plan by
scanning a patient in a first 3D coordinate system;

placing a flat panel detector having a matrix of markers at
known locations on said flat panel detector at variable
heights over the patient;

detecting projections of markers as images on said flat
panel detector produced by said high dose rate source
at multiple dwell positions;

processing the images to obtain a calculated relative
position of said high dose rate source in a second 3D
coordinate system at each of the multiple dwell posi-
tions;

calculating a transformation of coordinates from the sec-
ond 3D coordinate system to the first 3D coordinate
system; and

directing said high dose rate source according to said
intended brachytherapy treatment plan; and

comparing a detected position of said high dose rate
source at each of the multiple dwell positions with an
intended dwell position according to said intended
brachytherapy treatment plan,

whereby the steps of processing, calculating and compar-
ing are performed in real-time to provide a direct
correlation of said delivery of brachytherapy treatment
with said intended brachytherapy treatment plan.
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